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a b s t r a c t
Empirical notch sensitivity factors q have been used for a long time to account for notch
effects in fatigue design. This old concept has been recently modeled using sound mechan-
ical principles to properly quantify the inﬂuence of the stress gradient around the notch
tip on the fatigue behavior of mechanically short cracks. This model can be used to cal-
culate q values from the basic fatigue resistances of the material, its fatigue limit and its
crack propagation threshold, considering all the characteristics of the notch geometry and
of the loading. This model predictions have been validated by proper tests, and based on
this experimental evidence a criterion to accept tolerable short cracks has been proposed.
In this work the mechanical principles that support this criterion are extended to accountfor notch effects in environmentally assisted cracking problems.
© 2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. Este é um artigo Open Access sob a licença de CC BY-NC-ND1. Introduction
Semi-empirical notch sensitivity factors 0≤ q≤ 1 are widely
used in mechanical design calculations to correlate material-
independent linear elastic (LE) stress concentration fac-
tors (SCF) Kt =/n, to the actual notch effect on the
fatigue strength of structural components, which partic-
ularly for sharp notches can be much smaller than Kt
[1]. This is done by using the corresponding fatigue SCF
Kf =1+q · (Kt − 1) =SL(R)/SLntc(R), where  = max − min is
the stress range acting at the notch tip; max and min are the
maximum and minimum LE stresses caused by n at the
notch tip; n is the nominal stress range that would act at
that point if the notch did not affect the stress ﬁeld around its
tip; and SL(R) and SLntc(R) are the fatigue limits measured,
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http://dx.doi.org/10.1016Este é um artigo Open Access sob a licença de CC BY-NC-NDrespectively, on standard (i.e. smooth and polished) and on
notched fatigue test specimens (TS) at a given R= min/max
ratio.
It has been known for a long time that q is associated with
the relatively fast generation of tiny non-propagating fatigue
cracks at notch tips if SL(R)/Kt <n <SL(R)/Kf, see Fig. 1 [2].
Therefore, it canbe expected that thenotch sensitivity q canbe
predicted from the fatigue behavior of short cracks emanating
from notch tips.
This indeed has been recently achieved by a model based
on relatively simple but sound mechanical principles, which
do not require heuristic arguments, or any arbitrary data-
ﬁtting parameters [3–5]. The main feature of this model isbr (J.C.C. Leite).
to clearly identify that not only the SCF of the notches, but
also the gradients of the stress ﬁelds induced by them around
their tips, can signiﬁcantly affect the fatigue crack propagation
ublished by Elsevier Editora Ltda.
/j.jmrt.2013.02.010
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Fig. 1 – Classical data showing that non-propagating
fatigue cracks are generated at the notch roots if
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Fig. 2 – Kitagawa–Takahashi plot describing the fatigue
aL/Kt < n <SL/Kf at R=0 [1,2].
FCP) behavior of short cracks emanating from such tips. In
his way, for any given material, the q value depends not only
n the notch tip radius , but also on its other geometrical
arameters, in particular on its depth b. This means that con-
rary to what is predicted by traditional empirical q-curves,
hallow and elongated notches of same tip radius  may have
uite different notch sensitivities q. Note, however, that the
ualiﬁer “short” is used here tomean “mechanical” not “micro
tructural” small cracks, sincematerial isotropy is assumed in
heir modeling. This simpliﬁed hypothesis is corroborated by
he tests, when the “characteristic short crack size” deﬁned
elow is not small compared to grain size of the material.
To understand why it is important to care about short
atigue cracks, it is necessary to realize that they must behave
ifferently from long cracks, since their FCP thresholdmust be
maller than the traditional long crack threshold Kth(R) [6].
ndeed, otherwise the stress range  required to propagate
hem would be higher than the material fatigue limit SL(R), a
on-sense. In fact, assuming as usual that the FCP process is
rimarily controlled by the stress intensity factor (SIF) range
K∝√(a), if short cracks with a→ 0 had the same Kth(R)
hreshold of long cracks, their propagation by fatigue would
equire  →∞, a physical impossibility.
The FCP threshold of short fatigue cracks under pul-
ating loads Kth(a, R=0) can be modeled using El
addad–Topper–Smith (ETS) characteristic (short crack)
ize a0 [7], which is estimated from S0 =SL(R=0)
nd K0 =Kth(R=0). This clever trick reproduces the
itagawa–Takahashi plot trend [8] (see Fig. 2), using a
odiﬁed SIF range K′ to describe the fatigue propagation
onditions of any crack, short or long, deﬁned by:
K′ = 
√
(a + a0), where a0 =
(
1

)(
K0
S0
)2
(1)
As ETS K′ has been deduced using the Grifﬁth’s plate
IF, K=
√
(a), it is necessary to use the non-dimensional
eometry factor g(a/w) which complements the general
IF expression [9], K=
√
(a) · g(a/w), to deal with otherpropagation of short and long cracks under pulsating loads
in a HT80 steel with K0 =11.2MPa
√
m and S0 =575MPa.
geometries, re-deﬁning:
K′ = g
(
a
w
)
· 
√
(a + a0), where
a0 =
(
1

)[
K0
g(a/w) · S0
]2
(2)
But the tolerable stress range under pulsating loads only
tends to the fatigue limit S0 when a→ 0 if  is the notch
root (instead of the nominal) stress range. However, the g(a/w)
expressions found inmost SIF tables usually include the notch
SCF, thus they use  instead of n as the nominal stress.
A clearer way to deﬁne the short crack characteristic size a0
when it departs from a notch tip is to explicitly recognize this
traditional practice, separating the geometry factor g(a/w) into
two parts: g(a/w) =  ·ϕ(a), where ϕ(a) describes the stress gra-
dient ahead of the notch tip, which tends to the SCF as the
crack length a→ 0, whereas  encompasses all the remaining
terms, such as the free surface correction. Therefore,
K′ =  · ϕ(a) · 
√
(a + a0), where a0 =
(
1

)[
K0
 · S0
]2
(3)
However, both from conceptual and operational point of
views, the short crack problem can be better and easily treated
by letting the SIF range K retain its original equation, while
the FCP threshold expression (under pulsating loads) is modi-
ﬁed to become a function of the crack length a, namely K0(a),
resulting in
K0(a) = K0 ·
√
a
a + a0
(4)
The ETS equation can be seen as one of many possible
asymptotic matches between the short and long crack behav-
iors. Following Bazant’s idea [10], a more general equation can
be used introducing an adjustable parameter  to ﬁt experi-
mental data, see Fig. 3:
K0(a) = K0 ·
[
1 +
(
a0
)/2]−1/
(5)Eqs. (1)–(4) result from Eq. (5) if  =2. The bi-linear limit,
(a≤ a0) =S0 for short cracks, and K0(a≥ a0) =K0 for the
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Fig. 3 – Ratio between short and long crack propagation
thresholds as a function of a/a0.
long ones, is obtainedwhen g(a/w) =  ·ϕ(a) = 1 and  →∞. Most
short crack FCP data are ﬁtted byK0(a) curveswith 1.5≤  ≤ 8,
but  =6 better reproduces classical q-plots based ondatamea-
sured by testing semi-circular notched fatigue TS [3–5]. Using
Eq. (5) as the FCP threshold, then any crack departing from a
notch under pulsating loads should propagate if:
K =  · ϕ
(
a

)
· √a > K0(a) = K0 ·
[
1 +
(
a0
a
)/2]−1/
(6)
where =1.12 is the free surface correction.As fatiguedepends
on two driving forces,  and max, Eq. (6) can be extended to
consider max (indirectly modeled by the R-ratio) inﬂuence in
short crack behavior. First, the short crack characteristic size
should be redeﬁned using the fatigue limit SR and the FCP
threshold for long cracks KR =Kth(a
 aR, R), both measured
or properly estimated at the desired R-ratio:
aR =
(
1

)[
KR
1.12 · SR
]2
(7)
Likewise, the corresponding short crack FCP threshold
should be re-written as:
KR(a) = KR ·
[
1 +
(
aR
a
)/2]−1/
(8)
Following the basic ideas exposed above, the aim of this
work is to extend this stress analysis to environmentally
assisted cracking (EAC) problems, where the notch effects can
be as important as they are in fatigue. Although the approach
used here is primarily mechanical, the corrosion inﬂuence in
such problems is by no means neglected on this model, since
they are taken into account by their deleterious effect on the
EAC resistance of the material.
2. Behavior of short cracks departing from
slender notchesBefore jumping into more elaborated mechanics, it is worth
to justify using relatively simple arguments why small cracks
that depart from notch roots can propagate for a while before. 2013;2(3):288–295
stopping and becoming non-propagating under ﬁxed loading
conditions. This fact may appear at ﬁrst sight to be a para-
dox, since cracks are sharper than notches, and thus have
higher SCF. In fact, it is not unreasonable to think that if a given
fatigue load can start a crack from a notch, then it should be
able to continue to propagate it. But the short cracks behavior
ismuchmore interesting than that. Indeed, start by estimating
the SIF of a small crack with size a that departs from the notch
tip of an Inglis plate loaded in mode I. Let the elliptical notch
have axes 2b and 2c, both much larger than a, with the 2b axis
centered at the x co-ordinate origin, and tip radius  = c2/b. If
n is the nominal stress perpendicular to a and b, then the SIF
can be estimated by KI(a)∼= n ·√(a) · f1(a, b, c) · f2(free surface),
where f1(a, b, c)∼= y(x)/n; y(x) is the y stress distribution at
(x= b+ a, y=0) ahead of the notch tip when there is no crack;
and f2 = 1.12. The function f1(x= b+ a, y=0) is given, e.g. by Schi-
jve [11]:
f1 =
y(x, y = 0)
n
= 1 + (b
2 − 2bc)(x −
√
x2 − b2 + c2)(x2 − b2 + c2) + bc2(b − c)x
(b − c)2(x2 − b2 + c2)
√
x2 − b2 + c2
(9)
The slender the elliptical notch is (i.e. the smaller their
semi-axes c/b and tip radius to depth /b ratios are), the
higher is its SCF. But high Kt imply in steeper stress gra-
dients ahead of the notch tip, ∂y(x, y=0)/∂x, since the LE
stress concentration induced by any elliptical hole drops from
Kt =1+2b/c=1+2
√
(b/)⇒ y(1)/n ≥ 3 at its tip border to an
almost ﬁxed value 1.82<K1.2 = y(1.2)/n <2.11 (assuming b≥ c)
at a point just b/5 ahead of it. Hence, the notch inﬂuence zone
is associated with their depth b, not with their tip radius 
[1]. This is the cause for the peculiar growth of short cracks
which depart from elongated notch roots. Their SIF, which
should tend to increasewith their length a= x− b, may instead
decrease after they grow for a short while because the SCF
effect in KI ∼= 1.12 · n√(a) · f1 may fade quickly due the very
high stress drop close to the notch tip, overcompensating the
crack growth effect. This simple KI(a) estimate can be used
to roughly evaluate the size of the non-propagating fatigue
cracks tolerable at notch roots, using the short crack FCP
behavior.
For example, it can be used to verify if it is possible to
change a circular central hole with diameter d=20mm by
an elliptical one with 2b=20mm and 2c=2mm in a large
steel plate with ultimate strength SU =600MPa, SL =200MPa
and K0 = 9MPa
√
m that works under a nominal load
n =100MPa at R=−1, without inducing the notched plate
to fail by fatigue. Assume the axis 2b is perpendicular to n.
Neglecting the buckling problem (which can be important in
thin plates), the relatively large circular hole is certainly toler-
able, since it has a safety factor against fatigue crack initiation

F = SL/Kf · n =200/150∼= 1.33, as its Kf ∼=Kt =3.But the sharper elliptical hole would not be admissi-
ble by traditional SN routines, since it has a tip radius
 = c2/b=0.1mm, thus a very high Kt =1+2b/c=21. Its notch
sensitivity estimated from the usual Peterson q plot [12] would
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track that initiates by fatigue at the elliptical notch tip shoul
e q∼= 0.32⇒Kf =1+q · (Kt − 1) = 7.33, thus it would induce
f · n =376MPa>SL.
However, as this Kf value is considerably higher than
he typical values reported in the literature [1,11–13],
t is worth to re-study this problem considering the
hort crack FCP behavior. Supposing Kth(R<0)∼=K0 as
sual, K0(a) =K0/[1 + (a0/a)]−0.5 (by ETS), S′L = 0.5SU (the
atigue limit of the material, as FCP modeling does
ot need the modifying factors required to estimate
L), estimating by Goodman S0 = SU/1.5 = 2S′L/1.5, and
sing a0 = (1/)(1.5K0/1.12 · SU)2 ∼= 0.13mm, the estimated SIF
angesKI(a) for the twoholes are compared to the FCP thresh-
ld K0(a) in Fig. 4.
Note in Fig. 4 how the SIF estimated for cracks departing
rom the circular notch remains below the short crack FCP
hreshold curve K0(a) up to a∼= 1.54mm. Thus, if a small sur-
ace scratch locally augments the stress range and initiates a
iny crack at the circular hole border, it would not propagate
y fatigue alone under these ﬁxed n =100MPa and R=−1
oading conditions, conﬁrming its “safe” prediction made by
raditional SN procedures. Only if a crack with a>1.54mm is
ntroduced at this hole border by any other means, it would
hen be able to propagate by fatigue under those otherwise
afe loading conditions.
On the other hand, the estimated KI(a) curve for the
harper elliptical hole starts above the FCP threshold curve
K0(a) under these same loading conditions. Therefore, a
atigue crack should initiate at its border, as expected from its
igh SCF Kt. But as this tiny crack propagates through the high
tress gradient ahead of the notch tip, it is driven by its rapidly
iminishing stresses during its early growth, which overcom-
ensate the increasing crack size effect on KI(a). In this way,
his crack SIF becomes smaller than K0(a) at a∼= 0.33mm,
hen it stops and becomes non-propagating (if n and R
emain ﬁxed), see Fig. 4.As fatigue failures include not only the crack initiation
hase, but also its gradual propagation up to an eventual frac-
ure, both notches could be considered safe for this assumedp after reaching a∼=0.33mm.
ﬁxed service loading conditions (n =100MPa andR=−1). But
the non-propagating crack at the elliptical notch tip, a clear
evidence of fatigue damage, renders it much less robust than
the circular one, as discussed in Castro and Meggiolaro [1].
For more precise mechanical analysis purposes, the SIF
range of a single crack with length a emanating from a semi-
elliptical notch with semi-axes b and c (where b is in the same
direction as a) at the edge of a very large plate loaded in mode
I can be written as:
KI =  · F
(
a
b
,
c
b
)
· √a (10)
where =1.12, and the term F(a/b, c/b) can be expressed as a
function of the notch SCF and of the dimensionless parameter
s= a/(b+ a) by:
Kt =
[
1 + 2
(
b
c
)]
·
{
1 +
[(
0.12
(1 + c/b)2.5
)]}
(11)
To obtain expressions for F, extensive ﬁnite element cal-
culations were performed for cracks departing from several
semi-elliptical notches. The numerical results, which agreed
well with standard solutions [14], were ﬁtted within 3% by:
Kt =
[
1 + 2
(
b
c
)]
·
{
1 +
[
0.12
(1 + c/b)2.5
]}
, c ≤ band s = a
b + a
(12)
F′
(
a
b
,
c
b
)
≡ f ′(Kt, s)
= Kt[1 − exp(−K2t )]
−s/2
√
1 − exp(−sK2t )
sK2t
, c≥b (13)Note that these SIF expressions include the semi-elliptical
notch effect through F or F′. Indeed, as s→ 0 when a→ 0, the
maximum stress at their tips max → F(0, c/b) · n =Kt · n. Thus,
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the -factor, but not the F(a/b,c/b) part of KI, should be con-
sidered in the short surface crack characteristic size a0. Note
as well that these expressions for the semi-elliptical SCF Kt
include a term [1+0.12/(1 + c/b)2.5], which could be interpreted
as the notch free surface correction (FSC), because as the
ratio c/b→ 0 and the semi-elliptical notch tends to a crack,
its Kt → 1.12 · 2√(b/). However, this 1.12 factor is in fact the
notch FSC, not the usual crack FSC expressed by . Actually,
it disappears from the F expression when c/b→ 0. Indeed,
F(a/b, 0) = 1/
√
s⇒KI =  · F · · [ · a]0.5 =  · · [ · (a+ b)]0.5, as
expected, since the resulting crack for c→ 0 would have a
length a+ b. Such mechanical details may seem superﬂuous,
but on the contrary they help to understand the physics of the
odd short crack FCG behavior.
Traditional q estimates, based on the ﬁtting of questionable
semi-empirical equations to few experimental data points,
assume that its value depends only on the notch root  and on
thematerial ultimate strength SU. Thus, similarmaterialswith
the same SU but differentK0 should have identical notch sen-
sitivities. The same should occur with shallow and elongated
notches of identical tip radii. However, whereas well estab-
lished empirical relations relate the fatigue limit S0 to the
tensile strength SU of many materials, there are no such rela-
tions between their FCP threshold K0 and SU. Moreover, it is
also important to point out that the q estimation for elongated
notches by the traditional procedures can generate unreal-
istic Kf values, as exempliﬁed above. Thus such traditional
estimates should not be taken for granted.
The proposed model, on the other hand, is based on the
FCP mechanics of short cracks which depart from elliptical
notch tips, recognizing that their q values are associated with
their tolerance to non-propagating short cracks. It shows that
their notch sensitivities, besides depending on , S0, K0
and , are also strongly dependent on their shape, given by
their c/b ratio [3]. Therefore, the proposed predictions indicate
that these traditional notch sensitivity estimates should not be
used for elongated notches, a forecast experimentally veriﬁed,
as discussed in the following section.
3. An acceptance criterion for short cracks
Based on the encouraging life estimations for fatigue crack
re-initiation data [4,5], the reverse path can be followed,
assuming that the methodology presented here can be used
to generate an unambiguous acceptance criterion for small
cracks, a potentially much useful tool for practical appli-
cations. Most structural components are designed against
fatigue crack initiation using εN or SN procedures, which
do not consider crack effects. Therefore, their “inﬁnite life”
predictions may become unreliable when such cracks are
introduced by anymeans, say bymanufacturing or assembling
problems, and not quickly detected and properly removed.
Large cracks may be easily detected and dealt with, but small
cracksmay pass unnoticed even in careful inspections. In fact,
if they are smaller than the guaranteed detection threshold
of the inspection method used to identify them, they simply
cannot be detected.
Thus, structural components designed for very long fatigue
lives should be designed to be tolerant to such short cracks.. 2013;2(3):288–295
However, this self-evident requirement is still not usually
included in fatigue design routines, as most long-life designs
just intend tomaintain the stress range at critical points below
their fatigue limits, guaranteeing that  < SR/
F, where 
F is
a suitable safety factor. Nevertheless, most long-life designs
work well, which means that they are somehow tolerant to
undetectable or to functionally admissible short cracks. But
the question “how much tolerant” cannot be answered by
SN or εN procedures alone. Such problem can be avoided by
adding Eqs. (6) and (7) to the “inﬁnite” life design criterion
which, to tolerate a crack of size a in its simplest version,
should be written as
 <
KR
√
a · g(a/w) · [1 + (aR/a)/2]
1/
,
where aR =
(
1

)[
KR
SR
]2
(14)
This criterion is applied elsewhere to evaluate a rare but
quite interestingmanufacturing problem: a batch of an impor-
tant component was marketed with small surface cracks,
causing some unexpected annoying ﬁeld failures [5]. That
example demonstrates well this model usefulness.
Note, however, that this model only describes the behav-
ior of macroscopically short cracks, as it uses macroscopic
material properties. Thus it can only be applied to short
cracks which are large in relation to the characteristic size of
the intrinsic material anisotropy (e.g. its grain size). Smaller
cracks grow inside an anisotropic and usually inhomogeneous
scale; thus their FCP is also affected by microstructural barri-
ers, such as second phase particles or grain boundaries [15].
Nevertheless, as grains cannot be mapped in most practical
applications, such problems, in spite of their academic inter-
est, are not really amajor barrier from the fatigue design point
of view.
4. A short crack acceptance criterion for
EAC applications
The resistance to EAC in aggressive environments is an impor-
tant problem for many industries, because the costs and
particularly the delivery times for special EAC-resistant alloys
keep increasing. For example, they are important in the oil
industry, where oil and gas ﬁelds can contain considerably
amounts of H2S, and in the aeronautical industry, where very
light structures usually made of high-strength Al alloys must
operate in saline environments known to affectmany of them.
Nevertheless, traditional design routines used to deal with
such problems are based on simplistic structural integrity
assessment (SIA) procedures based on an overly conservative
policy of totally avoiding material–environment pairs suscep-
tible to EAC conditions. Indeed, when such conditions are
unavoidable during the service life of the structural com-
ponent in question, the standard solution is just to choose
a nobler material to build it, one that is resistant or even
immune to crack initiation and/or propagation by EAC mech-
anisms in the operational environment. Alternatively, the
design solution may be to recover the structural component
ol . 2013;2(3):288–295 293
s
t
n
c
e
m
e
t
n
t
d
a
o
f
t
i
c
p
a
e
t
h
c
a
s
i
u
d
i
d
a
a
c
c
f
c
t
c
t
t
u
d
b
a
a
t
i
a
w
t
a
p
σ(MPa) σ=Sscc
KIsccσ=√πa
 
g(a/w)
√πa g(a/w)
8
3
2
γ=1.5
Sscc(a)=
KIscc[1+(a0/a)γ/2]-1/γ
ao=
1
π
KIscc
η.Sscc
2
a(mm)
Fig. 5 – A Kitagawa–Takahashi-like plot proposed to
describe the environmentally assisted cracking behavior ofj mater res techn
urface with a suitable properly adherent and scratch resis-
ant EAC-resistant coating. However, in many cases there are
o such coatings available in the market.
Such over-conservative and inﬂexible design criteria are
ertainly safe, but they can also be too expensive if an oth-
rwise attractive material is summarily disqualiﬁed when it
ay suffer EAC in the service environment, without consid-
ring any stress analysis issues. Indeed, decisions based on
his approach may cause severe cost penalties. Moreover, to
eglect the stress effect on EAC issues is equivalent to neglect
he crack growth physics, since no crack can grow unless
riven by a tensile stress, caused by the superposition of
pplied loads, residual stresses induced by previous loads or
verloads, and maintenance or manufacturing procedures. In
act, even though practical EAC conditions may be difﬁcult
o deﬁne, due to the number of metallurgical, chemical, and
n particular mechanical variables that affect them, SIA pro-
edures in the design stage should always be associated to
roper stress analysis techniques to deﬁne a maximum toler-
ble ﬂaw size. In other words, EAC cracks cannot be properly
valuated neglecting the stress and strain ﬁelds that drive
hem.
However, themainadvantageof themethodologyproposed
ere is to allow the proper evaluation of existing structural
omponents not originally designed for EAC service, when by
ny reason they pass to operate under such conditions due to
ome unavoidable operational change. For example, an exist-
ng oil pipeline must pass to operate transporting originally
nforeseen amounts of H2S due to changes in the well con-
itions while a new one speciﬁcally designed for such service
s not built and commissioned. Such problems are not aca-
emic exercises. In fact the economical pressure to take such
structural riskmay be unavoidable, since loss of proﬁt issues
ssociated with the time required for substituting a pipeline
an be quite long, especially in off shore applications.
Such uneconomical or risky decisions can at least in prin-
iple be potentially avoided by the methodology proposed
ollowing, which extends the analysis developed to mechani-
ally explain the behavior of deep and shallow fatigue cracks
o the EAC problem. Indeed, if cracks behave well under EAC
onditions, i.e. if Fracture Mechanics concepts can be used
o describe them, then a Kitagawa-like diagram can be used
o quantify the stresses any cracked component can tolerate
nder EAC conditions, using the material EAC resistances to
eﬁne a “short crack characteristic size under EAC conditions”
y:
0 =
(
1

)
·
(
KIEAC
 · SEAC
)2
(15)
In this way, all corrosion effects on EAC problems are
ssumed to be properly described and quantiﬁed by the resis-
ance to crack propagation KIEAC and by the resistance to crack
nitiation SEAC under ﬁxed stress conditions, assuming the
nalyzed material–environment pair remains ﬁxed. In other
ords, this model supposes that the mechanical parameters
hat govern the EAC problem behave analogously to the equiv-
lent parameters Kth(R) and SL(R) that control the fatigue
roblem, see Fig. 5.short and deep ﬂaws for structural design purposes.
Consequently, if cracks loaded under EAC conditions
behave as they should, i.e. if their driving force is indeed the
SIF applied on them; and if the chemical effects that inﬂu-
ence their behavior are completely described by the material
resistance to crack initiation from smooth surfaces quantiﬁed
by SEAC, and by its resistance to crack propagation measured
by KIEAC; then it can be expected that EAC cracks may depart
from sharp notches and then stop, due to the stress gradient
ahead of the notch tips, eventually becoming non-propagating
cracks, as in the fatigue case. In such cases, the size of non-
propagating short cracks can be calculated using the same
proceduresuseful for fatigue, and the tolerance to suchdefects
can be properly quantiﬁed using an EAC notch sensitivity fac-
tor in SIA. Hence, a criterion for the maximum tolerable crack
size under EAC conditions can be proposed as:
amax ≤
(
1

)
·
[
KIEAC(1 + a0/a)/2√
a · g(a/w)
]−1/
(16)
5. Educated guesses for tolerable cracks
under EAC conditions
It is now possible to estimate characteristic (a0) and tol-
erable (amax) sizes for cracks that initiate from notches,
e.g. with depth b=10mm and various tip radii , using
SEAC and KIEAC data gathered on the literature for three
material–environment pairs [16–19]. Fig. 6 deﬁnes the notch
parameters and Table 1 lists the material and geometric prop-
erties used in this analysis.
The reason for using just the three material–environment
pairs in Table 1 is simple: it is a little bit hard to ﬁnd the param-
eters KIEAC and SEAC measured under identical conditions on
the literature. Maybe this could be explained by the lack of
models that try to unify these parameters as joint crackdriving
forces under EAC conditions.
Fig. 7 shows a graphical interpretation for the short crack
tolerance predicted by the proposed model equations. The
maximum allowed crack size is obtainedwhen the applied SIF
KI(a) becomes higher than the short crack propagation thresh-
old KIEAC(a). Once again, it is worth to emphasize that this
predicted behavior is totally similar to the one observed under
fatigue conditions. This similitude indicates that a notch sen-
sitivity factor could indeed be proposed to properly treat stress
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Table 1 – Estimated results for tolerable crack sizes at some notch geometries.
Material/environment Aluminum 2024/
gallium
Aluminum 2024/
NACE solution
API 5L X-80 steel/
NACE solution
SEAC (MPa) 70 140 440
KIEAC (MPa *
√
m) 1.2 8 30
a0 (mm) 0.075 0.829 1.18
b (mm) 10 10 10
 (mm) 0.335 3.136 4.9
Kt 12.881 4.754 3.982
 = SEAC/Kt (MPa) 5.434 29.448 110.5
amax (mm) 1.9 6.65 5.41
σn
2ρ
σn
b
KI(a)– KIth(a)  MPa m0.1
0.05
–0.05
–0.1
A
B
a (mm)
1 2 3
C
Fig. 8 – Criteria plot of propagating cracks for Al 2024 under
gallium exposure.Fig. 6 – Notch parameters for non-propagating cracks.
analysis issues in EAC problems, eliminating the need to con-
tinue using overly conservative pass–fail criteria to deal with
such problems.
Graphical solutions can provide other important visual
information as illustrated in Fig. 8, which shows that a ﬂaw on
the size region “A” could propagate until reaching the region
“B”when itwould becomenon-propagating because it reaches
the condition KI(a) <KIEAC(a). Nevertheless, all ﬂaws sizes on
1.0
1.0 1.5 2.0
0.5
0.5
0
0
KI(a)=η⋅σ√πa g(a/w)
KIEAC(a)=KIEAC[1+(ao/a)γ/2]-1/γ
KIEAC(a)
KI(MPa√m)
KI(a)
a(mm)
amax
Fig. 7 – EAC criteria plot for Al 2024 under gallium
exposure.the region “C” are considered non-acceptable cracks, since the
difference KI(a) <KIEAC(a) becomes again positive after leaving
the safe region B. This occurs because the contribution of the
increasing crack size for the loading SIF KI(a) deﬁnitely over-
comes the resistance to crack growth under EAC conditions
KIEAC(a) for cracks with sizes a> amax.
6. Conclusions
A generalized El Haddad–Topper–Smith’s parameter was used
to model the threshold stress intensity range for short cracks
dependence on the crack size under fatigue conditions. This
dependence was used to estimate the notch sensitivity factor
q of elongated notches, based on the propagation behavior of
short non-propagating cracks thatmay initiate from their tips.
It was found that the notch sensitivity of elongated slits has a
very strong dependence on the notch aspect ratio, deﬁned by
the ratio c/b of the semi-elliptical notch that approximates the
slit shape having the same tip radius. These predictions were
calculated by relatively simple numerical routines, all based
on sound mechanical principles. Based on this performance,
a new criterion to evaluate the behavior of small or large sur-
face ﬂawsunder environmentally assisted cracking conditions
was proposed. Such estimates can certainly be very useful for
practical structural design and analysis applications, as they
can be associated with potentially huge economic savings.
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[19] Kolman DG, Chavarria R. Liquid metal embrittlement of 7075j mater res techn
herefore, they deserve to be properly studied through a seri-
us experimental program.
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